Abstract. This study introduces a variety of volatility estimation methods, including historical volatility, implied volatility and VIX, to assess and compare the performance of pricing TAIEX Options. The empirical results indicate that the evaluation performance of implied volatility model outperformed those of historical volatility and VIX models. In the analysis of causes of option's price errors by multiple variables regression, moneyness, time to maturity, volatility and index returns have significant impacts on the pricing errors, while trading volume and open interest do not have significant impacts on every pricing error. Even though the latter two factors are in the case of significance, their coefficients are negatively related to the absolute error.
Introduction
In recent years, global financial derivatives have developed rapidly. CFFE (China Financial Futures Exchange) started the simulation of HS300 stock index options to the whole market on 8 th November, 2013, which indicates that the stock index options trading will step into China financial market soon. This paper chooses the TSEC (Taiwan Stock Exchange Corporation) Capitalization Weighted Stock Index (TAIEX) as the research object to study the pricing error between the theoretical price and the market price. And the great significant impacts of CSI300 stock index options on pricing.
In financial markets, what the investors mostly concern about is the risk in addition to reward. Volatility is one representative way to measure risk. In the factors which impact the Black-Scholes option, the variable of volatility is unobservable from the market trading directly. Therefore volatility estimation becomes the core of option pricing problem, its accuracy will determine the option pricing errors, further affecting the choice of trading strategies and hedging performance. The volatility is assumed to be the constant in Black-Scholes model, therefore historical volatility (HV) model was used to estimate volatility in the early stage. Also some scholars suggested using implied volatility (IV) to do evaluation. In addition, Volatility Index (VIX) was created in 1993 and developed further in 2003 by the Chicago Board Options Exchange (CBOE), based on the option evaluation issues same as implied volatility.
Therefore this paper estimates volatility in the view of the historical volatility, implied volatility and VIX models respectively. And by Black-Scholes the option evaluation model to calculate theoretical price of TAIEX Options. And then to measure the errors between the theoretical price and the market price, combining with statistical test, a better volatility model can be found out. Finally, the paper analyzes the causes of the error between the theoretical price and the market price.
Research Methods and Data Processing

Black-Scholes Option Pricing Model
Here c t is the theoretical price of call option at period t. p t is the theoretical price of put option at period t. S t is the share price at period t. K is the strike price. r is the risk-free rate. T-t is time to maturity. σ t is the volatility at period t. N(⋅) is cumulative standard normal distribution function.
Volatility Models
(1) Historical volatility Model (HV)
Historical volatility is to be estimated using historical share price return rate over a period of time, and gives each observed value equal weight.
Here σ t HV is historical volatility at period t. u t−i is the rate of return on the day t -i, i =1, 2, …, n. u ̅ is the average return between day (t-n) to (t-1). S t−i and S t−i−1 are share prices at day (t-i) and (t-i-1) respectively. n is the number of observation days.
(2) Implied Volatility Model (IV) Fleming (1998) pointed out that the implied volatility can response the investors' expectations of future volatility on the market, therefore, the implied volatility can be used to predict future volatility.
C t is the market price of the option. S t is the share price. K is the strike price. r is the risk-free rate. T-t is time to maturity.
(3) VIX Model
VIX is introduced by CBOE in 1993, gotten by estimating the price of S&P 100 options. TAIEX options volatility index is a compiled VIX exclusively for Taiwan options trading activities according to the method of CBOE.
Index of the Option Performance Error
Based on various volatility estimation methods incorporated into Black-Scholes option pricing model, TAIEX Options and market related variables, theoretical prices can be obtained for different transaction dates of TAIEX Options. Furthermore, different theoretical prices can be compared with corresponding market prices according to the mean absolute error, root mean squared error and mean percentage error.
(1) Mean Absolute Error (MAE)
The smaller the difference between MAE and zero is, the closer the market price is to the theoretical price, which means the performance is better. The formula of average absolute error is as follows (taking call option as an example).
Here Ĉ t+i is the theoretical price of call option at period (t+i). C t+i is the market price of call option at period (t+i). m is the number of theoretical price of call option.
(2) Root Mean Squared Error (RMSE)
The smaller value means the theoretical price is close to the market price and the better performance. The formula of root mean squared error is as follows (taking call option as an example).
.
(10)
The formula of mean percentage error is as follows (taking call option as an example).
Significance Test
Though the volatility models with the smallest error is, the most suitable, statistics test still need further. This paper adopts the paired t test to analyze the significant difference of price errors among different models. The resulting performance is employed to objectively search for most suitable volatility model to estimate TAIEX option prices. Its null hypothesis has no significant difference for the evaluation of the error between the two models, while the alternative hypothesis has significant difference. For the mean absolute error, root mean square error and mean percentage error, the null hypothesis and the alternative hypothesis are as follows (taking call option as an example). Here Ĉ t+i is the market price, i =1, 2, …, m. Ĉ t+i,x and Ĉ t+i,y are the theoretical prices of model x and y respectively.
Genesis Analysis Method of Option's Price Error
Finally, the paper will analyze the causes of pricing error using multiple regression analysis to understand whether the factors affecting Black-Scholes Models will affect evaluation error. Before the multiple regression analysis, it is necessary to test whether there is a multicollinearity relationship among the variables. This paper uses variance inflation factor (VIF) to test multicollinearity. The equation is shown below.
R 2 is goodness of fit. When the VIF value is greater than 10, there is a multicollinearity relationship.
Independent variable include moneyness (S/K), risk-free rate(r), time to maturity (T) and volatility(σ). In addition to the factor of Black-Scholes, the study also adds index returns (u), trading volume (V) and open interest (OI). And absolute error (AE) is chosen as dependent variable.
Here α 0 is intercept. β i is regression coefficient, i = 1, 2, …., 7. ε i is residual.
Data Sources and Processing
This paper chooses TSEC Capitalization Weighted Stock Index (TAIEX) as the research object during the 1 st January, 2014 to 31 st December, 2014. Filter conditions are as follows. When trading volume is zero, time to maturity is less than seven days and implied volatility is located to unreasonable range, these data are deleted.
According to Bakshi et al. (1997) , the option moneyness classification is based on moneyness(S/K). The moneyness can be calculated by share price(S) divided by strike price (K). Shown in Table 1 .Depending on time to Maturity, options can be divided into nearby month contract, second-nearby month contract and far month contract. Shown in Table 2 . 
Test of Errors and Performance Analysis
For different volatility models, the evaluation error value of call options under the different prices are presented in Table 3 .
The results indicate that the evaluation performance of implied volatility outperformed historical volatility and VIX due to the smallest error of implied volatility. For nearby and second-nearby contract of call RMSE of out-of-the-money, VIX model has relatively better evaluation performance of option pricing than historical volatility. In other cases, historical volatility has relatively better evaluation performance.
Then adopts the paired t test to analyze the significant difference of price error among different models and select the better evaluation performance of the volatility models. Results of price error paired t-test are shown in Table 3 . The results written in bold means the price error of volatility model is the smallest. The gray area shows that the volatility model has relatively better evaluation performance of option pricing after the paired t test.
The result shows that implied volatility really has relatively better performance of option pricing than historical volatility and VIX. The others have no relatively better performance of option pricing at all under historical volatility and VIX. Combined with the results of paired t-test, for far contract of put MAPE of at-the-money and out-of-the-money, three models have the same evaluation performance of option pricing. In addition, the evaluation performance of implied volatility outperformed VIX and historical volatility, and there is no difference between the evaluation performance of VIX and historical volatility. In is short for in-the-money. At is short for at-the-money. Out is short for out-of-the-money.
Result of Price Error Analysis
The risk-free rate does not change in the selected period, so delete the risk-free interest rate. According to Table 5 , the VIF value of six variables are less than 10. Namely there is no multicollinearity between these variables. Therefore, this study can be further analyzed by multiple regression. The multiple regression results are presented in Table 6 . For the call option of TAIEX, the moneyness has significant positive impact on the pricing errors. The greater moneyness is, the closer in-the-money is, the higher market price is. So the error between the market price and the theoretical price is greater. And for the put option of TAIEX, the moneyness has significant negative impact on the pricing errors. The smaller moneyness is, the closer in-the-money is, the lower market price is. So the error between the market price and the theoretical price is greater. Three factors (time to maturity, volatility and index returns) have significant positive impacts on the pricing errors. For the time to maturity, the longer period it is, the greater uncertainty there is. And then the pricing error is greater. For the volatility, the more intense it is, the greater the pricing error is. For the index returns, the greater rate of return is, which makes the greater price volatility, the greater pricing error is.
Moreover, two other factors (trading volume and open interest) do not have significant impacts on every pricing error. But factors that have significant effects are negatively related to the absolute error. For the trading volume, the higher trading volume implies trading more, and liquidity increases, the pricing error is smaller. For the open interest, the greater the number is, the more participants are in the market, the pricing error is smaller.
Overall, the degrees of moneyness, time to maturity, volatility and index returns values are high, and their effects are obvious. The coefficients of the trading volume and open interest are small, close to zero, and the error were less affected.
Conclusions
This paper introduces a variety of volatility estimation methods, including historical volatility, implied volatility and VIX, to assess and compare the accuracy of pricing TAIEX Options. Since the variable of volatility is unobservable from the market trading directly, it must rely on appropriate econometric tool or method to estimate. Which econometric tool or model is the most suitable to estimate volatility is one of finance research issues worthy of investigating. Based on various volatility estimation methods incorporated into Black-Scholes option pricing model, TAIEX Options and market related variables, theoretical prices for different transaction dates of TAIEX Options can be obtained. Furthermore, different theoretical prices can be compared with corresponding market prices according to the mean absolute error, root mean squared error and mean percentage error. The resulting performance is employed to objectively search for the most suitable volatility model to estimate TAIEX option prices.
The empirical results indicate that the evaluation performance of implied volatility outperformed those of historical volatility and VIX models. Possible reason may be that the result of implied volatility is based on Black-Scholes option pricing model. So it is more appropriate to evaluate it using Black-Scholes models. In the analysis of causes of option's price errors by multiple variables regression, the factors of moneyness, time to maturity, volatility and index returns have significant impacts on the pricing errors. However trading volume and open interest do not have significant impacts on every pricing error. But factors that have significant effects are negatively related to the absolute error.
